The use of a coupled ocean-atmosphere-sea ice model to hindcast (i.e., historical forecast) recent climate variability is described and illustrated for the cases of the 1976/77 and 1998/99 climate shift events in the Pacific. The initialization is achieved by running the coupled model in partially coupled mode whereby global observed wind stress anomalies are used to drive the ocean/sea ice component of the coupled model while maintaining the thermodynamic coupling between the ocean/sea ice and atmosphere components. Here it is shown that hindcast experiments can successfully capture many features associated with the 1976/77 and 1998/99 climate shifts. For instance, hindcast experiments started from the beginning of 1976 can capture sea surface temperature (SST) warming in the central-eastern equatorial Pacific and the positive phase of the Pacific decadal oscillation (PDO) throughout the 9 years following the 1976/77 climate shift, including the deepening of the Aleutian low pressure system. Hindcast experiments started from the beginning of 1998 can also capture part of the anomalous conditions during the 4 years after the 1998/99 climate. The authors argue that the dynamical adjustment of heat content anomalies that are present in the initial conditions in the tropics is important for the successful hindcast of the two climate shifts.
Introduction
Decadal variability is a feature of both the tropical and North Pacific regions (Mantua et al. 1997; Zhang et al. 1997 ). In the tropical Pacific, decadal variability displays a pattern similar to that associated with El Niño-Southern Oscillation (ENSO), but with a wider meridional scale and smaller magnitude ). In the North Pacific, the Pacific decadal oscillation (PDO; Fig. 1a ), defined as the first empirical orthogonal function (EOF) of monthly SST anomalies in the Pacific north of 208N, has served as a model of climate variability on decadal time scales (Mantua et al. 1997) . Previous studies (e.g., Newman et al. 2003) have suggested that the PDO is driven by tropical Pacific variability, although this issue is still controversial. The decadal variability in the Pacific can cause substantial climate changes over North America (Cayan et al. 2001 ) and impact the biology within the Pacific Ocean with consequences for fisheries (Deser et al. 1996; Mantua et al. 1997) . The study of decadal variability in the pan-Pacific is therefore of great socioeconomic interest.
It is well recognized that there were major atmospheric, oceanographic, and ecological changes around 1976/77 (Fig. 1c) , termed the 1976/77 climate shift (e.g., Graham 1994; Trenberth and Hurrell 1994; Mantua et al. 1997; Deser et al. 2004; Yeh et al. 2011) . After the 1976/77 shift, SST during boreal winter (November-March) was roughly 0.48C warmer (Fig. 2a) over the eastern and central tropical Pacific. The Aleutian low pressure system over the North Pacific was also more intense and shifted slightly eastward (Fig. 2b) . The stronger than normal Aleutian low pressure brought more frequent warm and moist air masses to the northeastern Pacific, increasing SST in that area, and also brought more frequent cold air to the middle North Pacific, which, in combination with stronger winds, led to a reduction in the underlying SST. The change in SST induced the transition of the PDO from the negative to the positive phase ( Fig. 1) .
Recently, some studies reported a possible climate shift around 1998/99 (Fig. 1c; Minobe 2000 Minobe , 2002 . The anomalous conditions during the winter from 1998 through 2002, however, display some features that cannot be strictly characterized by the PDO (Bond et al. 2003) . SST ( Fig. 3a) was about 0.68C colder in the centraleastern equatorial Pacific and its pattern corresponded roughly to the negative PDO pattern compared to the positive PDO pattern after the 1976/77 climate shift (Fig. 1a) . But there were prominent warm SST anomalies over the far western Pacific south of 408N (Fig. 3a) that were not present before or after the 1976/77 climate shift (Bond et al. 2003) and are more in common with the SST pattern associated with the North Pacific Gyre Oscillation (NPGO; Di Lorenzo et al. (2008) ) than the PDO. Similarly, the transition between warm and cold SST anomalies in the northwestern Pacific in Fig. 3a is located near 408N, again similar to that associated with the NPGO, and farther south than is associated with the PDO. The wintertime sea level pressure (SLP) anomalies (Fig. 3b) were also characterized by a northsouth dipole pattern rather than an overall change in the strength of the Aleutian low. Such a dipole pattern more closely resembles the SLP pattern associated with the North Pacific Oscillation (Rogers 1981; Linkin and Nigam 2008 ) than the PDO.
Numerous studies (e.g., Jin 2001; White et al. 2003 ) have commented on the similarity between the characteristics of decadal and interannual variability in the Pacific. Theoretical solutions for tropical ocean dynamics reveal decadal and interannual modes that share the discharge/recharge oscillator mechanism (Jin 1997 (Jin , 2001 ). The only difference between decadal and interannual modes is the location of the effective latitude bands of the recharge/discharge of the equatorial heat content by Rossby wave activity (Jin 2001) . For the decadal modes, the effective latitude band is at a relatively higher latitude, about 108-208 from the equator. Rossby waves FIG. 1. The SST pattern associated with the PDO (Mantua et al. 1997; Zhang et al. 1997 ) from (a) observations and (b) the ensemble mean of the initialization runs, in both cases regressed onto the respective principal component (PC) time series associated with the PDO calculated from monthly SST anomalies over the North Pacific (208 northward). (c) The PC time series associated with the PDO in the observations and the ensemble mean of the initialization runs after a 25-month running mean has been applied. associated with decadal variability in the extratropical Pacific have been found in observations (White et al. 2003) and in ocean models (Capotondi and Alexander 2001) . Decadal variability in some coupled climate models is found to have similar dynamical features to the ENSO mode (Knutson and Manabe 1998; Yukimoto et al. 2000) .
The similarity in dynamics between decadal and interannual variability in the tropical Pacific noted above suggests that the former is predictable since the latter is predictable (Latif et al. 1998) . Recently, several studies have investigated predictability on decadal time scales in the Pacific and Indian Oceans (Mochizuki et al. 2010 (Mochizuki et al. , 2012 Chikamoto et al. 2012; Kim et al. 2012; Guemas et al. 2013) . It is found that the first empirical orthogonal function mode of upper ocean content in the North Pacific is predictable five to six years in advance (note that this mode of variability, while not identical to the PDO, is closely related). In addition, Guemas et al. (2013) find that decadal predictability of Indian Ocean SST is particularly robust and can be attributed to changes in radiative forcing. However, hindcasts (i.e., historical forecasts) focusing on the 1976/77 and possible 1998/99 climate shifts in the Pacific have received less attention [although Chikamoto et al. (2012) discuss the 1998/99 event]. In this study, we attempt to hindcast anomalous conditions associated with these climate shifts-major events associated with decadal variability in the Pacific (Minobe 2000; Deser et al. 2004 )-that are potentially more predictable than other smaller-amplitude events. In section 2, the models and the experimental procedure are described. Section 3 presents the model results. Section 4 provides a summary and discussion.
Model and experiments
In this study, all experiments are based on a coupled atmosphere-ocean-sea ice model: the Kiel Climate Model (KCM; Park et al. 2009 ). The initialization scheme involves running the KCM in a partially coupled mode whereby the ocean/sea ice component of KCM is driven (Kalnay et al. 1996) , (c),(d) the ensemble mean of the initialization runs, and (e),(f) the ensemble mean of the hindcast runs. Contour interval of SST is 0.18C. The contours for SLP are 63, 62, 61, 60.5, and 0 hPa. The zero contours for both SST and SLP are highlighted. All the major features in the plots from the model runs are significantly different from zero at the 95% level.
by the time series of observed monthly mean wind stress anomalies added globally to the monthly varying wind stress climatology from the unperturbed KCM, while still maintaining the thermodynamic coupling between the atmospheric and ocean/sea ice components. Thus, SST is a fully prognostic variable and is not directly constrained by observations. Simulations conducted using partial coupling with a coupled model can avoid some of the issues suffered by atmosphere-only or ocean-only simulations. For instance, atmospheric general circulation models (AGCMs) with prescribed SST can exhibit the opposite relationship between rainfall and SST anomalies to that observed over the northwestern tropical Pacific but when the identical AGCM is coupled with an ocean model, the correct rainfall-SST relationship emerges (Wang et al. 2005) . In a similar way, oceanonly simulations can also be compromised by the need to specify the atmospheric state (Zhang et al. 1993; Greatbatch et al. 1995; Griffies et al. 2009 ).
Initialization runs are carried out using both National Centers for Environmental prediction (NCEP; Kalnay et al. 1996) and 40-yr European Centre for Medium-Range Weather Forecasts (ECMWF) ReAnalysis (ERA-40; Uppala et al. 2005 ) monthly mean wind stress anomalies from 1948 to 2002 and 1958 to 2002, respectively. The anomalous wind stress forcing acts to initialize the ocean/sea ice system, a necessary requirement when making decadal predictions (Smith et al. 2007; Keenlyside et al. 2008; Mochizuki et al. 2010 Mochizuki et al. , 2012 Chikamoto et al. 2012; Kim et al. 2012; Guemas et al. 2013) . Here, wind stress anomalies instead of the full wind stress are employed to avoid drift and coupling shock in the hindcast (i.e., historical forecast) runs. The initialization runs consist of an ensemble of 5 model runs driven by each wind stress product, making 10 model runs in total, differing only in their initial conditions, which are taken from an unperturbed control run of the fully coupled KCM at a time when the coupled model is close to being in equilibrium. Since we focus on the predictability induced only by decadal adjustment through ocean dynamics (Jin 2001; Capotondi and Alexander 2001; White et al. 2003) , atmospheric greenhouse gas concentrations are kept fixed throughout the integrations, and there is no account taken of volcanic activity, changes in aerosol concentrations, or solar irradiance change. However, information on all these processes is present in the wind field used to initialize the hindcast runs (see Lu and Zhao 2012) . For each of the observations and the initialization runs, anomalies denote the departure from the respective climatological mean state of 1961-2000.
To perform historical forecasts of the 1976/77 and 1998/99 climate shifts, hindcast runs are started from the beginning of 1976 and 1998, respectively, before the climate shifts occurred. In the hindcast runs, the fully coupled model (KCM; Park et al. 2009 ) is run, initialized from the initialization runs above, and using the same radiative forcing as the initialization runs; in particular, no account is taken of changing greenhouse gas concentrations or variations in aerosol forcing. Each initialization run provides two initial conditions that are slightly different from each other, giving us 20 ensemble members for each hindcast. It is important to note that anomalies calculated from the hindcast runs denote deviations from the climatological mean over the last 300 years of an unperturbed control run of KCM and therefore denotes deviation from the fully coupled model climatology.
Results
The initialization runs capture the first principal component of observed SST anomalies over the North Pacific (Fig. 1c) and the associated SST variability in the Pacific (Figs. 1a,b) . In particular, the initialization runs capture the 1976/77 and 1998/99 climate shifts as revealed by the PDO time series shown in Fig. 1c . Previous studies (Meehl et al. 2009; Chikamoto et al. 2012) show that changes in external forcing, besides internal variability, play a role in the 1976/77 and 1998/99 climate shifts, an effect not included explicitly in our model. However, as noted earlier, the wind stress forcing prescribed in the initialization runs includes information concerning the change in external forcing (Lu and Zhao 2012) . In Fig. 1d we show the PDO time series for the individual ensemble members to give an indication of the spread in the initial conditions used for the hindcasts. It should be noted that the difference between each ensemble member is a result of the variability within the atmosphere model, variability that is not directly constrained in the initialization runs.
The performance of the initialization runs is further assessed by calculating the correlation between model and observed monthly mean SST anomalies (Fig. 4) . The model clearly shows skill (correlation as high as 0.7) at reproducing the SST variability in the tropical Pacific and over the North Pacific midlatitudes (0.5-0.6), even though SST is a fully prognostic variable and is not directly constrained by observations. In the tropical Pacific, the high correlation can be understood in terms of the El Niño-Southern Oscillation phenomenon in which wind stress anomalies drive thermocline variability which in turn drives SST variability (Zebiak and Cane 1987; Philander 1990; Jin 1997; Wang 2001; Wang and Picaut 2004) . The tropical SST variability drives variability in the Aleutian low pressure system, which in turn drives SST variability in the North Pacific Oceans in the model (not shown), accounting for the good performance of our model in these regions. This is consistent with previous studies (Alexander et al. 2002; Venzke et al. 2000) . In the western Pacific, there are some regions where there is no correlation between the observations and the initialization runs (Fig. 4) , probably because the external forcing component, which plays a role in the SST variability there (Chikamoto et al. 2012) , is fixed in the initialization runs.
Turning now to the hindcast runs, historical forecasts started from the beginning of 1976 reproduce the gross features of the SST and SLP signals associated with the 1976/77 climate shift remarkably well (see Fig. 2 , and note that all panels refer to anomalies over the 9-yr period 1976-85). Regional details, however, differ. In the tropical Pacific, hindcast runs (Fig. 2e) capture the SST warming in the observations (Fig. 2a) and the initialization runs (Fig. 2c) . The hindcast runs (Fig. 2f) also reproduce the deepening of the Aleutian low although with smaller amplitude than seen in NCEP (Fig. 2b) and the initialization runs (Fig. 2d) . It is apparent that the tropical Pacific SST warming (Fig. 2e) plays a role in the deepening of the Aleutian low, as seen by comparing the spatial pattern of sea level pressure (Fig. 2f) with the ENSO teleconnection pattern in the model (not shown). The smaller deepening of the Aleutian low in the hindcast runs (Fig. 2f) is probably because SST warming (Fig. 2e) in the hindcast run is smaller than that in the initialization runs in the tropical Pacific. The deeper than normal Aleutian low (Fig. 2f) enhances the cyclonic circulation and the westerly winds over the North Pacific, bringing more frequent warm (cold) air masses from low (high) latitudes and increasing (decreasing) the SST in the eastern (middle) North Pacific (Fig. 2e) , consistent with the positive phase of the PDO in the observations (Fig. 2a) . It is worthwhile mentioning that the hindcast of the 1976/77 climate shift might be improved by including time-varying greenhouse gas concentrations in the model forcing (Meehl et al. 2009 ).
We now turn to the hindcast of the 1998/99 climate shift. In general, hindcast runs started from the beginning of 1998 capture some of the signals in SST and SLP (Figs. 3e,f) . Hindcast runs reproduce negative SST anomalies in the central-eastern equatorial Pacific and the negative PDO pattern in the North Pacific ( Fig. 3e ; see also Fig. 5b ). But they fail to reproduce positive SST anomalies in the western Pacific to the south of 408N (Fig. 3e) . The failure to reproduce the warm SST anomalies in the hindcast and initialization runs can be partly attributed to fixing the atmospheric greenhouse gas concentrations (Chikamoto et al. 2012 ). Corresponding to the negative SST anomalies in the central-eastern equatorial Pacific, SLP anomalies (Fig. 3f) are characterized by the weakening of the Aleutian low in the North Pacific, with the center of the weakening located right at the zero line of the dipole pattern seen in the observations (Fig. 3b) . As noted in the introduction, the SLP pattern seen in the observations closely resembles the SLP pattern associated with the North Pacific Oscillation (NPO) rather than the pattern associated with the PDO that is seen in the model hindcast and initialization runs. Di Lorenzo et al. (2008) note that of the two centers of action associated with the NPO, the southern center, located near Hawaii, is more closely related to tropical Pacific SST than the northern center over Alaska, a conclusion that is consistent with our results (see also Yeh et al. 2011) . Nevertheless, although the hindcast runs cannot capture all the features seen in the observations (Figs. 3a,b) , they do exhibit similar SST and SLP patterns to those in the initialization runs (Figs. 3c,d ). This implies the role of memory present in the initialization runs for determining at least some of the wintertime anomalies from 1998 through 2002.
To gain some idea of the uncertainty in the model hindcasts, Fig. 5 shows the monthly time series of the PDO from each of the ensemble members (shown in green), the ensemble mean (shown in blue), the ensemble mean of the initialization runs (shown in black), and the observations (shown in red) (the last two curves are the unfiltered versions of the curves shown in Fig. 1c) . It is clear that the ensemble members have considerable spread around the ensemble mean. A Student's t test applied to each month separately shows that, in the case of the 1976/77 hindcast, the ensemble mean is significantly different from zero 1 at the 95% level throughout the 9 year period starting during 1977 and ending in 1985, apart from a gap in 1979 and the first part of 1980 when the ensemble mean index dips toward zero and the significance level drops to 80%. Likewise for the 1998/99 event, once the ensemble mean index for the hindcast runs becomes negative, it remains negative and statistically significantly different from zero at the 95% level. In the case of the 1976/77 hindcast, the initial rise in the index is clearly captured, and in the case of the 1998/99 hindcast, following an initial rise, there is a clear drop in the ensemble mean index during the first two years of the hindcast, a drop that is delayed compared to the observations. This drop in the index is also is very clear in the ensemble members. It is also likely that the slow decline in the index that can be seen in the ensemble mean in the 1976/77 hindcast, following the initial peak, would not be so strong if changing radiative forcing were included in the model runs (Meehl et al. 2009 ). We also note that the spread between the ensemble members is established early in the integrations. As noted when discussing Fig. 1d , there is already considerable spread in the initial conditions used for the hindcasts and, not surprisingly, the spread is bigger in the (fully unconstrained) hindcast runs.
Rossby waves in the extratropical Pacific play an important role in the discharge/recharge mechanism associated with tropical Pacific decadal variability (e.g., Jin 2001; Capotondi and Alexander 2001; White et al. 2003) , and it is of interest to see if westward propagating features, resembling Rossby waves, also play a role in our model runs. Figure 6 shows upper ocean heat content from the initialization runs for each of the latitude bands 158-208N and 158-208S. Westward propagating disturbances can clearly be seen in both hemispheres. Of particular interest are the positive heat content anomalies that spread westward and originate around 1970 near 1208W in both hemispheres. After intersecting the western boundary, these anomalies subsequently spread across the equator in the late 1970s, as can be seen in Fig. 7a (to be discussed further later) . The heat content anomalies in the Southern Hemisphere are similar to the subsurface temperature anomalies that were reported by Giese et al. (2002) as precursors of the 1976/77 climate shift. Similar heat content anomalies, this time of the opposite sign, can be seen in the run up to the 1998/99 event, again originating near 1208W, especially in the Northern Hemisphere where the correspondence to the opposite signed anomalies in the early 1970s is clearer. There also appear to be negative heat content anomalies that propagate westward in both hemispheres in the mid-1980s and that may have been precursors of the drop in the PDO index around 1985 (see Fig. 1c ).
Also shown in Fig. 6 are the anomalies in Ekman pumping [see Eq. (9.4.2) in Gill 1982] in the same latitude bands. These show negative (downward)/positive (upward) Ekman pumping anomalies, especially on the eastern side of the sections, associated with the positive/ negative heat flux anomalies and suggesting the anomalies in Ekman pumping play a role in driving the heat content anomalies, although the exact causal connection between the two clearly requires further investigation, beyond the scope of the present study. The phase speed of the westward propagating anomalies in the heat content is estimated to be around 11 cm s 21 . This is a bit slower than the phase speed (13 cm s
21
) in Capotondi and Alexander (2001) and also slower than the phase speed of the first mode unforced baroclinic Rossby waves (15-16 cm s 21 ) at these latitudes. This could be because higher baroclinic modes play a role (Wu et al. 2003) or it could be because of a feedback between the heat content anomalies and the overlying atmosphere [see, e.g., Philander et al. (1984) and note how the Ekman pumping anomalies sometimes seem to propagate westward with the heat content anomalies]. When the hindcast runs are started from the beginning of 1976, the westward propagating heat content anomalies, resembling Rossby waves between 158 and 208 of the equator (Fig. 6 ), are present in the initial conditions. Since the success of the hindcasts depends on the information in the initial conditions (there are no changes in radiative forcing included in the hindcast runs), we argue that the subsequent evolution of these features in the hindcast runs is the reason the hindcast runs are able to capture the SST anomalies shown in Fig. 2e . A similar origin for the 1976/77 climate shift has been argued by Giese et al. (2002) . Figure 7 shows that once the positive heat content anomalies reach the western boundary, they spread eastward along the equator in both the ensemble mean of the initialization runs (Fig. 7a) and in the ensemble mean of the hindcast runs ( Fig. 7b ; see the positive heat content anomalies in both Figs. 7a and 7b in the late 1970s). In the ensemble mean of the hindcast runs, the subsequent evolution of heat content anomalies both on (Fig. 7b) and off (Fig. 8b) the equator is smeared out by the averaging across different ensemble members. However, looking at the heat content anomalies in individual ensemble members (Figs. 7c, d and 8c, d show examples), we see features very similar to those in the ensemble mean of the initialization runs (Figs. 7a and 8a) . Nevertheless, the timing of these events differs in the different ensemble members of the hindcast, leading to the smeared picture in the ensemble mean. It is nevertheless remarkable that the . The heat content anomalies are taken from the ensemble mean of the initialization runs, and the Ekman pumping velocity anomalies are calculated from the average of the NCEP (Kalnay et al. 1996) and ERA-40 (Uppala et al. 2005) wind stress anomalies using Eq. (9.4.2) in Gill (1982) (note that positive/negative indicates upward/downward Ekman pumping anomalies).
ensemble mean of the PDO index in the hindcast remains positive 2 throughout the period from 1977 to 1985, as noted earlier when discussing Fig. 5a , indicating that a decadal adjustment process in taking place in the coupled model following the initialization of the hindcast runs. Understanding the details of this decadal adjustment process is beyond the scope of the present paper but is fundamental to understanding the dynamics of the PDO. Finally we note that making the same figures from the 1998/99 hindcast leads to the same conclusions and we do not shown these figures here.
Summary and discussion
In this study we present results using a fully coupled atmosphere-ocean-sea ice model [the Kiel Climate Model (KCM); Park et al. 2009 ] to hindcast (i.e., historically forecast) the 1976/77 and 1998/99 climate shifts in the Pacific region. The hindcast runs are initialized using a partial coupling technique applied to the coupled model whereby the ocean/sea ice component of the KCM sees the time series of observed monthly mean wind stress anomalies that are added globally to the wind stress climatology from a control run using the coupled KCM. One advantage of this strategy is that SST is a fully prognostic variable and can freely interact with the atmospheric component of the coupled model. Hindcast experiments are started from initial conditions provided by the initialization runs and since only wind stress anomalies are used for the initialization, there is very little coupling shock at the start of the hindcast runs. Analysis of the hindcast experiments shows that they can successfully capture many features of the anomalous conditions after the two climate shifts. For example, hindcast experiments started from the beginning of 1976 can capture SST warming in the central-eastern equatorial Pacific and the positive phase of the Pacific decadal oscillation (PDO) throughout the 9 years following after the 1976/77 climate shift, including the deepening of the Aleutian low pressure system. Hindcast experiments started from the beginning of 1998 can also capture part of the anomalous conditions during FIG. 8 . As in Fig. 7 , but averaged over the latitude bands 158-208N and 158-208S. the 4 years after the 1998/99 climate. We have argued that decadal adjustment in the tropical Pacific Ocean provides the memory enabling the successful hindcasts of the two climate shifts.
We noted in the introduction that the anomalous conditions after the 1998/99 climate shift have features in common with the North Pacific Oscillation (NPO; Rogers 1981; Linkin and Nigam 2008) in the atmosphere and the North Pacific Gyre Oscillation (NPGO; Di Lorenzo et al. 2008) in the ocean. The NPO and the NPGO are associated with the second EOF of winter monthly mean SLP and SST over the North Pacific whereas the PDO is associated with the first EOF of winter monthly mean SST over the North Pacific. The failure of the hindcast of the NPO-like SLP pattern after the 1998/99 climate shift, despite the successfully initialized tropical SST anomalies, seems to suggest that the tropical SST variability plays a secondary role for the variability associated with the NPO, especially the northern center of action, consistent with Di Lorenzo et al. (2008) and Yeh et al. (2011) . Overall, our results suggest that capturing the NPO and NPGO modes in hindcast mode is more difficult than capturing the PDO, at least for the coupled model we have used here (the KCM), a topic for future research.
Hindcast runs initialized between 1977 and 1997 are generally less successful than we have shown here, consistent with Kim et al. (2012) , who conclude that decadal predictability in the North Pacific basin is relatively low. However, we argue that this is at least partly because the PDO exhibited no major transitions during this time period. We argue that predictive skill is likely to be enhanced during times when modes of variability such as the PDO are in transition (Fig. 1c) , with reduced skill at other times. A similar argument has been made regarding predictability in the North Atlantic sector (Eden et al. 2002) . This suggests that traditional skill measures such as anomaly correlation may miss the enormous multiyear predictability potential which occasionally exists. We also note that because our hindcasts are capturing transitions in the PDO index, forecasts based on persistence would be very poor by comparison. Finally we note that whereas decadal predictability studies have generally focused on predictability arising from the decadal time scale adjustment of the North Atlantic (Smith et al. 2007; Keenlyside et al. 2008 ), here we show hindcast skill arising from the decadal adjustment of the tropical Pacific.
